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TECHNICAL NOTE NO. 131. 

FURTHER INFORMATION ON THE LAWS OF FLUID RESISTANCE.* 
By. G. Wisselsberger. 

1, In a former article (Physilcalis clie Zeitsohrift, 1921, 
Vol. 33, pp, 331-8 - For translation, see N.A.C.A. Technical 
Note No, 84), I described experiments connected with the depend- 
ence of the drag coefficient o on Reynolds number R. ** These 
experiments were performed with cylinders of different diameters 
in a uniform stream and in a range of Reynolds numbers of 
R =s 4. 3 up to R = 80000, From these experiments there was found 
quite a complex relation of the drag coefficient to Reynolds num- 
ber, whicSh invalidates the quadratic law of drag for cylinders 
in a stream. Only, in one region, between R = 15000 and 
R = 180000, is the drag cxseff iolent nearly constant and there- 
fore the pure qviadratio law of drag fulfilled. The peculiar 
phenomezia manifested in connection with the cylinder made it seem 
desirable to continue the experiments and include bodies of other 
shapes, A report of these experiments is made in the present 
article. First, the behavior of a cylinder of finite length, in 

as large a range as possible of Reynolds numbers, was determined, 

* Reprint from Physikalische Zeitsohrift, 1922, Vol, 33, pp. 
319-324. ^ 
** The drag coefficient o is defined by o =^ in which 

%- P 

W = drag, p = air density, V = velocity, arid F = area of body 
projected on a plane perpendicular to the direction of the wind. 

Reynolds number is R = in which u = ^, li = coefficient of 

viscosity and d a linear dimension of the body experimented on. 
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as ^Iso the dependence of the drag coefficient on the ratio of th- 
diarseter of the cylinder to its length (for a given Reynolds nuTS- 
ber) and furthei: the experiments were extended to the case of a 
sphere and of a disk perpendicular to the air stream. Lastly, 
several experiments, the results of "^hich are like-nrise given in 
this article, were performed on the relation of the drag coeffi- 
cient of rectangular plates, at right angles to the air flow, to 
the aspect ratio of the plates. 

3, It -vas first determined in what manner the drag coeffi- 
cient was affected in passing from the infinitely long cylinder 
to one of finite length, about both ends of which the air flowed. 
Six cylinders, of 4 to 300 Tim. diameter -.vere tested;, the length 
of each cylinder being five times its diameter. The resistance 
or drag of the smaller cylinders (up to 13 mm diameter) was 
f o'.and according to the pendulum method by Pleasuring the deflec- 
tion under the influence of the air stream. The resistance of 
the larger cylinders was determined by means of sun ordinary aero- 
lynasiic balance. Unfortunately, the experiments could not here 
be carried down to such small Reynolds numbers, as for an infi- 
nitely long cylinder. In the latter case, the steel wire cylin- 
der passed through the air stream from above and served both as 
the experimental object and as its support, so that secondary re- 
sistances of the suspension, device did not have to be considered. 
For small cylinders of finite length, on the contrary, the resis-' 
tance of the suspension wire was very noticeable. Finally, the 
resistance of the suspension wire becomes considerably greater 
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than that of the object of the experiment, since there is a cer- 
tain limit to the smallness of the siispension wire* The resis- 
tance of the cylinder then appe^irs as the difference between two 
nxanbers of nearly the same magnitude, so that the accuracy of the 
experiment finally becomes insxiff ioient. The smallest cylinder 
to give sufficiently accurate results was 4 mm in diameter and 
80 mm long. The air velocity ^as varied between 1.55 and 35,5 
ra/seo. The experiments accordingly embraced a field of Reynolds 
nimbers from R = 400 to R = 700000. The results are shown log- 
arithmically in Fig. 1. The drag coefficient o is introduced 
as a function of the Reynolds nuinber R = Vd/u. For the sake of 
comparison, there is also given the curve for the infinitely long 
cylinder already published in connection with my former article. 
The diameters-of the cylinders tested axe also given. 

The course of the curve for the finite cylinder is similar 
in its main features to the one for the infinitely long cylinder. 
If we follow the curve from the smallest Reynolds numbers upward, 
we first find the depression, already known from the Infinitely 
long CT'linder, shifted somewhat to the left and, adjoining it, 
a long reach with a nearly constant drag coefficient. The crit- 
ical Reynolds number, with the sudden diminution of the specific 
resistance , - ocoiiTs at about the same point. The principal differ- 
ence between the two curves lies in the lower values -of the drag 
coefficients for the finite cylinder. This is evidently connect- 
ed with the fact that, with a cylinder of finite length, the air 
can flo'w around both ends of the qjrlinder into the vortex region 



imrrediately behind the cylinder, thereby considerably nodifying 
the pressure distribution about the cylinder. This action, which 
has also "been observed with dif f erentl-' shaped bbdies, exerts an • 
important influence on the drag. The details of this process, 
however, require further investigation. After passing the orit- 
ioal Reynolds number, the difference in the drag coefficients 
seems to diminish, although definite conclusions cannot be made, 
due to the limited upward range. In any event, however, these 
experiments demonstrate that the drag coefficient of a cylinder, 
placed at right angles to the air stream, not only depends in a 
high degree on the Reynolds nmber, but is also greatly affected 
by th6 ratio of the diameter to the length of the cylinder. It 
is therefore not possible to derive the drag of a finite tsylinder 
directly from the drag of an infinitely long cylinder. 

For the nore aoourat© determination of the dependence of the 
drag coefficient on the ratio of the diameter to the length of 
the cylinder (this ratio being here denoted by \), a special 
series of experiments was carried out with 8 cylinders. The 
measurements were made for a Reynolds number of SCOOOj since in 
this vicinity the drag coeff igient is nearly constant. In Fig. 
3, the drag coefficient c is plotted against \ and it l^ evi- 
dent that the drag coefficient of the infinitely long cylinder 
is almost twice as great as that of a cgrlinder of the ratio 
\= 1. The relation was found to be very similar in the case of 
rectangular plates of various aspect ratios placed at right an- 
gles to the air stream. 



3. Th& next series of experiments was on the law of resis- 
tance of spheres. Here also, for the saaie reason as in the case 
of the finite oy.lindor, no such smll Reynolds numbers could be 
found as in the case of the cylinder in a uniform flow. The 
diaTieter of the smallest sphere was 8 rran and that of the largest 
was 388. 5 "ira. The range of the Revnolds numbers for these diame- 
ters is from R = 790 to R = 77000Q. The reaults of these ex- 
periments are shown in Fig, 3, the diameters of the tested spheres 
being also given. The four largest were of hollow copper; the 
tTfo smallest, of solid steel. All the spheres, except the larg- 
est one, were, tested in the small air stream fdiam. 1.2 m); the 
largest, in the 3.3 m. air stream. It is worth mentioning that, 
even for the two largest spheres, the lav,- of similitude was very 
well fulfilled, although the experiments vere ■';ried in two differ- 
ent air streams. For the three smallest spheres, the measure- 
ments «ere made by the penduliaa method. The critical Reynolds 
number, -vhich is here shown with especial clearness, lies at 
R = 330000. The range of constant drag coefficient is shorter 
here than in the oase of the cylinder. Even after passing the 
critical Reynolds number, the validity of the purs quadratic law 
is not assured. In creeping motion, 1. e, with very small Rey- 
nolds numbers, the influence of the forces of inertia decrease 
more and more in comparison with the forces of friction. In the- 
oretical hydrodynamics, an es^jression has been found for the re- 
sistance experienced by a. sphere in a viscous fluid. This law- 
was formulated by Stokes (H. Lamb, Hydrodynamics) and holds good 



for ReynolcLs numbers irbich are small in oompariBon with unity. 
The drag coeffioient, defined by us, is expressed according to 
the lasr of Stokes in the simple form o = 34/ H, R being the 
Reynolds number coriresponding to the diapieter of the sphere. 
The range of validity of Stokes' foi-mula was siibsequently ex- 
tended by Oseen, by considering to a certain extent the inertia 
members of the equation of motion. The resistance of the infi- 
nitely long cylinder J7as expressed by H. Lamb in a similar '-Tay, 
as mentioned in my former article, The drag coefficient accord- 
ing to the law of Oseen, which applies for Reynolds numbers below 
unity, is 



In Fig. 3, this law and also that of Stokes are represented by 
dash lines. The representation in the field of the small Rey- 
nolds numbers «?as further supplemented by experiments, ^irhicjh were 
performed by H. S. Allen in 19C0 ("The "otion of a Sphere in a 
Viscous Fluid," Phil. ■'lag, Vol.50, p. 333). Allen calculated the 
resistance from the ascending speed, of very small air bubbles 
(0.05 to 0. 3 ' mm in diameter) in a liquid and from the descend- 
ing speed of amber and steel spheres in water. In the experi— 
T.ents '^ith steel spheres falling in 'Stater, the Reynolds numbers 
werfe so large that they come within the range investigated by us. 
The six points of this series lie, however, some-hat below our 
values. There is moreover an easy transition from our curve to 
the first two series of Allen and it is seen that the .experimen- 
tally found curve of the drag coefficients runs through the wedge- 




shaped space formed by the curves of Stokes and Oseen. The re- 
sistance of the sphere is accordingly kno^ for any Reynolds num.. 
ber below 77COOO. 

4, For de-trerinining the resistance of disks at right angled 
to the direction of flow, a series of experiments was carried 
ouTC, which covexsd a Reynolds range betvreen R = 3630 and 

R = 968000 (with refeirence to the diameter of the disk). Tiie 
ratio of the thickness to the diameter was about 1/10.0 for all 
the disks. The edges were sharpy not rounded. The results, 
'Thioh are also contained in Pig. 3 show that in the range inves- 
tigated the coefficient of drag has a fairly constant value of 
c = 1, 1. For a very slow motion, the drag of the disk was also 
calculated. Like the drag of a sphere, it is a special case of 
the drag of an ellipsoid (H. Lamb, Hydrodynamics). For the drag 
coefficient of a disk, we obtain 

o = 17. 4/R. 

This law is represented by a dash line in Fig. 3. Between the 
experimental values and the theoretical, there is here a region 
in which the path of the curve has not yet been determined. The 
investigation of this region would necessitate an improved method 
of experimenting. With the apparatus • here employed, it was not 
possible to measure accurately enough the drag. for Reynolds num- 
bers below 3600. Here there can be no critical Reynolds n\amber, 
as in the oases of the cylinder and sphere, because the separation 
'point, which is on the edge of the disk, cannot shift. We may 
therefore, in this case, calculate up to large Reynolds numbers 
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vvith a constant coefficient of drag. According to previous ex 
perienoe, this holds generally good for bodies in which the ser 
aration proceeds from a sharp edge^ e.g.. .as for a priGm- 

5t For platefi of any shape , in accordance v/ith the preceding^ 
the validity of the quadratic law of drag may be assumed. Here, 
however, the shape of the plate exerts an influence on the value 
of the drag coefficient only Jrtien the perimeter, is greatly ex- 
tended. in one direction. This was clearly demonstrated by a ser- 
ies of experirajents performed --Tith rectangular plates of various 
aspect ratios ( X.) varying between 1 and 0. The experiment with 
^ = 0 (infinitely long plate) was performed between smooth walls, 
iri the same manner as the experiments with infinitely long cylin- 
ders (See former article in this publication, 1921, p. 323), The 
coefficient of drag was determined at four different speeds (10, 
15, 20, and 25 m/sec) and their mean value taken. In Fig. 4, ti:e 
drag coefficients are plotted against the aspect ratios of the 
plates. The drag coefficient varies bef-een 1,1 (square plate) 
and 3 (infinitely long plate). Here also occurs the phenomenon, 
already observed in the case of the cylinder, that with infinite- 
ly long plates, hence with uniplanar flow, the coefficient of 
drag attains considerably higher values than is the case vhen the 
flow is in three dimensions, when owing to the sidevrise flow the 
drag is diminished. This difference is of. similar magnit\ide to 
that in the case of cylinders of different lengths, the drag coef- 
ficient of the infinitely long plate being almost twice as large 
as that of a square plate. 

Translated by the National Advisory Ctominittee for Aeronautics. 
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Estpeziments of Allen 

o Air "bubbles in wa,t8x 
<j> Amber spheres in water 
o Steel gpljeres ,in water 
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